Even though light is the driving force in photosynthesis, it also can be harmful to plants. The watersplitting photosystem II is the main target for this light stress, leading to inactivation of photosynthetic electron transport and photooxidative damage to its reaction center. The plant survives through an intricate repair mechanism involving proteolytic degradation and replacement of the photodamaged reaction center D1 protein. Based on experiments with isolated chloroplast thylakoid membranes and photosystem II core complexes, we report several aspects concerning the rapid turnover of the D1 protein. Chloroplasts of higher plants perform the conversion of light energy into chemically stored energy. However, light also can be harmful to plants. Light-induced inactivation of the photosynthetic process (photoinhibition) is an essential factor that limits plant growth with important physiological and agricultural consequences, particularly when combined with other abiotic stress factors (1, 2).
Chloroplasts of higher plants perform the conversion of light energy into chemically stored energy. However, light also can be harmful to plants. Light-induced inactivation of the photosynthetic process (photoinhibition) is an essential factor that limits plant growth with important physiological and agricultural consequences, particularly when combined with other abiotic stress factors (1, 2) .
The primary target for photoinhibition is the oxygenevolving photosystem II (PSII) (1) (2) (3) , which is a membranebound protein complex consisting of at least 25 different subunits (4) . Despite the large number of proteins, only two subunits, namely, the reaction center II D1 and D2 proteins, each possessing five trans-membrane domains, harbor all the redox ligands necessary for the PSII electron transport. Light stress to PSII results in the inactivation of electron transport and photooxidative damage to the reaction center (5-7). The plants survive this light stress by a repair mechanism in which damaged D1 protein is replaced by a new protein copy. Thus, the turnover rate of the D1 protein is several orders of magnitude higher than any other chloroplast protein (8, 9) . A key step in the repair process is the degradation of the damaged D1 protein (2, 10, 11) . Relatively little is known about this proteolytic process, which can be followed both in vivo and in vitro. A 23.5-kDa N-terminal fragment of the D1 protein was detected early in vivo by Greenberg et al. (12) , and, later, the corresponding 10-kDa C-terminal fragment was identified by Canovas and Barber (13) . This breakdown pattern indicates that the primary cleavage of the D1 protein occurs in the stromal loop between the transmembrane D and E helices exposed at the outer thylakoid surface. The two primary degradation products of the D1 protein also have been identified in isolated systems such as thylakoid membranes and oxygen-evolving PSII core and reaction center complexes (14) (15) (16) .
There are sufficient experimental data to support the concept of a light-induced, structural modification of the D1 protein initiating the proteolytic process once oxidative damage has occurred (15, 17, 18) . The degradation of the damaged protein is thought to occur via proteolysis (10, (14) (15) (16) 19) although the protease(s) involved have not been identified. Chemical cleavage of the D1 protein by active oxygen species (20, 21) also has been proposed.
In support of a degradation mechanism involving enzymatic cleavage, the photoinactivation of PSII electron transport can proceed readily at low temperatures, whereas the degradation of the D1 protein is a temperature-sensitive and lightindependent subsequent event (10) . Furthermore, the activity of the primary proteolytic cleavage has been demonstrated to be of serine type, membrane-bound, and most likely closely associated with the PSII complex (11, 15, 16) . The involvement of nuclear-as well as chloroplast-encoded proteolytic systems has been suggested (22, 23) . The proteolytic process has been considered not to require ATP (10, 14, 15) .
Several proteolytic activities present in the thylakoid membrane, as in other biological membranes, are dependent on ATP (24) (25) (26) . The precise roles of nucleotides and their hydrolysis in proteolysis are poorly understood. The most relevant suggestion, at least in the case of ATP, is the requirement of unfolding of the protein to allow access of a protease to a certain peptide bond of a membrane protein. Therefore, it is surprising that a hydrophobic membrane protein as the D1 protein appears to be degraded independently of ATP.
In this work, we have investigated the requirements for nucleotides and other cofactors during the light-induced proteolysis of the D1 protein. Our results reveal that the primary cleavage of the D1 protein is a GTP-dependent process whereas the secondary cleavage steps require ATP and zinc ions. Furthermore, these results give unexpected evidence for the existence of tightly bound GTP to the thylakoid membrane, potentially implying a more general role for this nucleotide in the regulation of photosynthetic activities.
MATERIALS AND METHODS
Plant Material. Thylakoid membranes were isolated from 5-week-old spinach leaves as described in ref. 27 . The thylakoids were washed in 50 mM Hepes⅐NaOH, pH 7.4, containing 0.4 M sucrose, 15 mM NaCl, and 2 mM EDTA (unless otherwise stated). The final resuspension was made in 50 mM Hepes⅐NaOH, pH 7.4, containing 0.4 M sucrose, 15 mM NaCl, and 5 mM MgCl 2 (incubation buffer). PSII-enriched membranes, prepared according to ref. 28 , were used for the isolation of oxygen-evolving PSII core complexes by perfusion chromatography (29) . The final resuspension was made in 50 mM Hepes⅐NaOH, pH 7.4, containing 0.4 M sucrose, 15 mM NaCl, and 5 mM MgCl 2 and supplemented with 5 mM CaCl 2 and 0.01% dodecyl maltoside. Chlorophyll (Chl) was determined according to Arnon (30) .
Photoinhibition Assays. Photoinhibition experiments were performed essentially according to ref. 10 , with minor modifications. The isolated thylakoid membranes or PSII core preparations (0.2 mg of Chl per ml) were incubated in buffer supplemented with 20% (wt͞vol) glycerol. The suspensions were illuminated at Ϫ1°C in a thermostated beaker, with heat-filtered visible light (5,000 mol of photons m Ϫ2 ⅐s
Ϫ1
) supplied with a 250-W projector lamp. When 50% photoinactivation of PSII electron transport was reached, aliquots were withdrawn and mixed with an equal volume of the incubation buffer supplemented with indicated additions. The temperature of the samples was raised to 22°C followed by incubation in complete darkness for 30 and 90 min. The following nucleotides were added at the beginning of the dark incubation period: ATP, adenosine 5Ј-O-(␥-thiotriphosphate) (ATP[␥S]), ␤,␥-imidoadenosine 5Ј-triphosphate (AppNHp); GTP, GDP, GMP, guanosine 5Ј-O-(␥-thiotriphosphate) (GTP[␥S]), ␤,␥-imidoguanosine 5Ј-triphosphate (GppNHp), guanosine 5Ј-O-(3-methyl-triphosphate) (GTP[␥CH 3 ]), UTP, and CTP. In certain experiments, nucleotides were hydrolyzed by addition of apyrase (EC 3.6.1.5, from potato).
Binding of externally added GTP to apyrase-treated thylakoids (0.2 mg of Chl per ml) was estimated by the addition of [␣-32 P]GTP (Amersham) to a final concentration of 0.4 mM (50 Ci per mol; 1 Ci ϭ 37 kBq) to dark-and photoinactivated samples. After 30 min of incubation on ice in darkness, the thylakoid suspensions were centrifuged and the pellets were washed three times with cold incubation buffer. The radioactivity in the supernatants and pellets was determined by scintillation counting in distilled water.
In addition to the nucleotides, salts of several divalent cations (zinc acetate, MnCl 2 , CaCl 2 , and FeSO 4 ) or EDTA were added to the photoinactivated thylakoids at the beginning of the dark incubation period.
Protein Analysis. SDS͞PAGE was performed in 14% polyacrylamide gels containing 6 M urea (31) . After electrotransfer of the resolved proteins to poly(vinylidene difluoride) membranes (PVDF-Plus 0.45 m; Micron Separations, Westboro, MA) (32), the D1 protein and its 23-kDa N-terminal fragment were identified by immunoblotting. The D1 protein was detected by using an antibody raised against the entire spinach protein, whereas the 23-kDa fragment was detected with an antibody raised against amino acids 234-242 of the protein. Measurements of Photosynthetic Activity. PSII electron transport was measured as steady-state oxygen evolution with a Clark-type electrode (Hansatech Instruments, Pentney King's Lynn, U.K.) under saturating visible light at 22°C by using 0.5 mM phenyl-p-benzoquinone as electron acceptor.
RESULTS

Slow Proteolysis of Photodamaged D1 Protein in Vitro.
To investigate the requirements for the light-induced D1 protein degradation, isolated thylakoid membranes and PSII core complexes were photoinactivated at Ϫ1°C and subsequently incubated in the dark at 22°C after the addition of various effectors. The advantage of this experimental two-step strategy is that the process of D1 proteolysis can be studied separately from the light-dependent inactivation of PSII electron transport. As illustrated in Fig. 1 , illumination of isolated thylakoid membranes with 5,000 mol of photons m Ϫ2 ⅐s Ϫ1 at Ϫ1°C for 90 min resulted in a 50% inactivation of oxygen evolution. Degradation of the D1 protein did not occur at this low temperature but could be observed after the transfer of the photoinactivated thylakoid samples to 22°C (Fig. 1 A) . After 90 min of incubation in darkness at 22°C, approximately 15% of the initial amount of the D1 protein was degraded (Fig. 1B) . The initial rate constant of 1.6 ϫ 10 does not require ATP (10, 14) . Our data presented in Fig. 1B corroborate this observation because added ATP has an effect neither on the rate nor on the extent of the D1 protein loss. However, surprisingly, added GTP significantly accelerated the degradation process. The calculated initial rate constant of 5.6 ϫ 10 Ϫ3 min Ϫ1 reveals a 3.5-times-faster proteolytic reaction in the presence of added GTP. Furthermore, as much as 40% of the D1 protein in photoinactivated thylakoids was degraded in the samples subsequently incubated for 90 min in darkness (Fig. 1B) . Other nucleotides, such as CTP and UTP, did not influence the D1 protein degradation (not shown).
The results presented in Fig. 2 A and B revealed that the degradation of the damaged D1 protein depended on the GTP concentration up to 0.2 mM. At higher concentrations, no significant additional loss of the protein was detected, indicating that saturation of the degradation process was reached. In control experiments, it was shown that increasing concentrations of ATP had no stimulatory effect on the extent of D1 protein degradation (Fig. 2 A) . As will be discussed below, the D1 protein lost in the absence of added nucleotides depends on residual GTP bound to the thylakoid membrane.
Degradation of the D1 protein in the thylakoid membranes generates a 23-kDa N-terminal primary fragment (Fig. 2B) , and the correlation between the loss of the D1 protein and the accumulation of this degradation fragment was studied at different concentrations of added nucleotides. Concentrations of GTP up to 0.2 mM increased significantly the amount of the 23-kDa fragment (Fig. 2 B and C) , providing additional evidence for the GTP requirement of the primary proteolytic step during the D1 protein degradation.
Even though the addition of ATP did not affect the degradation of the D1 protein (Fig. 2 A) , it led to a pronounced decrease in the amount of the 23-kDa fragment (Fig. 2C) . These data suggest that, in contrast to the primary cleavage step, the secondary proteolysis yielding smaller fragments is ATP-dependent (see further below).
Degradation of the D1 Protein Requires Hydrolysis of GTP Tightly Bound to the Thylakoid Membrane. In an attempt to show whether the degradation of the D1 protein involves binding and͞or hydrolysis of GTP, we studied the time course for the loss of the D1 protein in photoinactivated thylakoids transferred to the dark in the presence of GTP[␥S], a nonhydrolyzable analogue of GTP (33) . As illustrated in Fig. 3 , GTP[␥S] did not lead to any stimulation of the degradation. In contrast, the proteolysis was inhibited to a level below that seen in the absence of any additions, virtually leaving all D1 protein undegraded. Similar results were obtained in the case of other nonhydrolyzable GT P analogues such as GppNHp, GTP[␥CH 3 ], and GMP (not shown). GDP, however, did not affect the degradation kinetics as compared with the samples without additions. The pronounced inhibitory effects of the nonhydrolyzable GTP analogues demonstrate that D1 protein degradation depends on GTP hydrolysis. Furthermore, these inhibitory effects reveal the unanticipated existence of membrane-bound GTP that should be responsible for the observed slow degradation of the D1 protein in absence of any additions (Fig. 1) .
To analyze this possibility further, the thylakoid membranes were treated with apyrase, an enzyme that hydrolyzes ␤-and ␥-phosphate bonds, yielding nucleoside monophosphates (34). Apyrase was added to the photoinactivated samples in the absence or presence of GTP at the beginning of the dark period after the photoinhibitory treatment in the cold. As shown in Fig. 3 , apyrase completely blocked the D1 protein degradation, giving independent support for the existence of membrane-bound GTP and its functional role in the D1 protein turnover.
To investigate whether this GTP binding is tight or simply a result of unspecific membrane attachment, we performed initial binding studies by adding radioactive GTP to apyrasetreated thylakoids. On the basis of the measured radioactivity retained in membranes washed several times, 0.28 nmol of GTP per mg of Chl was determined. In the samples that had been photoinactivated 25%, 0.46 nmol of GTP per mg of Chl was obtained. These binding results suggest that GTP is tightly bound to the thylakoid membranes, light-dependent, and approximately correlated with the extent of PSII inactivation.
ATP and Zinc Ions Stimulate Secondary Cleavage of the D1 Protein. Addition of ATP, in contrast to GTP, at the onset of the dark incubation after strong illumination has no effect on the primary cleavage of the D1 protein (Fig. 1) . However, as shown in Fig. 2C , increasing concentrations of ATP promoted a gradual disappearance of the 23-kDa D1 fragment, whose accumulation was stimulated by added GTP. Notably, this secondary proteolysis was stimulated further by the addition of zinc ions (Fig. 4) . Thus, more than 50% of the fragment was degraded in the presence of 1 mM ATP and 0.5 mM zinc acetate.
To test the specific requirement for zinc as a cofactor of the secondary proteolytic activity, the effect of other divalent cations like calcium, manganese, and iron at a final concentration of 0.5 mM also has been investigated. It was found that, indeed, zinc ions stimulated the degradation to the highest extent. Manganese and iron showed only moderate stimulation whereas calcium had no effect (not shown).
These observations led us to suggest the involvement of an ATP-and zinc-dependent protease in the secondary cleavage of the D1 protein. Interestingly, 20% of the fragment was degraded in the presence of ATP or zinc alone (Fig. 4) , indicating the functional significance of residual ATP and zinc ions bound to the thylakoid membrane. EDTA is a commonly used inhibitor of metalloproteases, chelating preferentially zinc and iron ions. In thylakoids not washed with buffer containing 2 mM EDTA, 50% loss of the 23-kDa fragment is observed in the presence of ATP alone during the dark incubation (Fig. 5) . Addition of 0.5 mM zinc acetate to such a sample promotes almost a complete disappearance of the fragment. The addition of 2 mM EDTA at the onset of the dark incubation leads to an increased accumulation of the 23-kDa fragment (Fig. 5) . Addition of ATP[␥S], a nonhydrolyzable analogue of ATP (35) , in the absence or presence of zinc ions, was found to inhibit the degradation of the 23-kDa fragment (Fig. 5) . Similar effects were observed when AppNHp was used (not shown). Taken together, the results shown in Fig. 4 and 5 suggest that the secondary cleavage of the D1 protein requires hydrolysis of ATP bound to the thylakoid membrane.
Even though GTP induces an enhancement in the amount of the 23-kDa fragment, the addition of ATP and zinc ions promoted degradation of the fragment to the same extent as in the photoinactivated samples that did not contain externally added GTP (not shown). We conclude that D1 protein degradation proceeds in at least two distinct proteolytic steps with specific requirements: GTP for the primary cleavage and ATP and zinc ions for the secondary cleavages. Moreover, the degradation of the D1 protein is much slower than that of its 23-kDa fragment, suggesting that the primary cleavage is the rate-limiting step in the multienzyme event of D1 protein degradation.
The PSII Core Complexes Can Perform the GTP-Dependent Primary Cleavage, but Lack the Enzyme(s) Involved in the Secondary Cleavages. It has been reported that D1 protein degradation can proceed in isolated PSII complexes (15, 16) . It was therefore of interest to study the effect of the various nucleotides in PSII core complexes by using the experimental system of photoinactivation at a low temperature followed by subsequent incubation at room temperature in the dark. To reach 50% loss of the oxygen-evolution activity, isolated PSII core complexes were irradiated with 5,000 mol of photons m Ϫ2 ⅐s
Ϫ1
at Ϫ1°C for 45 min followed by a dark incubation period of 90 min at 22°C. No loss of the D1 protein was observed during the irradiation at Ϫ1°C whereas degradation started after transfer of the photoinactivated sample to darkness at 22°C (not shown). As in the case of thylakoids, GTP stimulated the degradation of the D1 protein, i.e., 45% of the initial D1 protein was lost as compared with 25% in the absence of any additions (Fig. 6A) . GTP[␥S] induced a complete inhibition of D1 protein degradation. These data suggest that the GTP-dependent proteolytic activity involved in D1 protein degradation is associated with the PSII core complex, which appears to contain a site for tight binding of GTP. In contrast, ATP and zinc ions did not enhance degradation of the accumulated 23-kDa D1 fragment (Fig. 6B ). This suggests that the secondary proteolytic activity involved in the degradation of the D1 protein is not associated with the PSII core complex.
DISCUSSION
The turnover rates of different proteins show a considerable variation and also may be influenced by the developmental stage or the physiological condition of a particular organism. Today we have a wealth of information concerning the biosynthetic steps during protein turnover, and the number of different components required for the assembly of a protein complex is impressive (36) . In contrast, the disassembly phase of protein turnover is considerably less well characterized, although evidence is accumulating to suggest that protein degradation is a complex and highly specific process and that it shows a high degree of regulation (24, 25) .
In chloroplasts, the light-dependent, rapid turnover of the D1 protein of the PSII reaction center has been studied from both biochemical and physiological points of view (11) . This process offers a unique model system to follow the degradation and replacement of a single subunit in a multisubunit and membrane-bound protein complex carrying an array of different redox-active ligands. Despite the considerable experimental efforts, the enzymatic system catalyzing the D1 protein degradation and its regulation have not been established (19) . One of the unsolved questions concerns the nucleotide requirement for the proteolytic process in light of the size as well as complicated folding and assembly of the D1 protein substrate. As reviewed by Gottesman and Maurizi (37) , an efficient degradation of large proteins requires continuous nucleotide hydrolysis, whereas the cleavage of smaller peptides readily proceeds in the absence of nucleotides.
By taking advantage of an in vitro experimental system that separates the two stages of the photoinhibition process, the inactivation of electron transport (illumination at low temperature) and proteolysis (subsequent incubation at room temperature in the dark), we have been able to demonstrate an unexpected and complicated nucleotide requirement for the D1-degradation process. Our results demonstrate that in photoinactivated thylakoids the degradation of the D1 protein involves at least two principal enzymatic steps that can be resolved in terms of their different nucleotide requirement (Fig. 7) . The primary cleavage of the D1 protein was shown to possess an unexpected GTP dependence whereas further secondary proteolysis of the degradation fragments depended on ATP and zinc ions. The primary GTP-dependent cleavage was found to be associated with isolated PSII complexes in contrast to the secondary ATP-dependent cleavages, which could be detected only in unfractionated thylakoid membranes. Notably, the maximal stimulation of the D1 protein degradation was obtained at 0.2 mM, known to correspond to the physiological concentration of GTP in the chloroplast stroma (38) .
The results also demonstrate the existence of a lightdependent tight binding of GTP to thylakoid membranes and PSII. Based on the binding data and assuming an equal distribution of Chl between the two photosystems, 0.14 and 0.23 nmol of GTP per nmol of PSII could be calculated for the dark-and photoinactivated thylakoids, respectively. The existence of tightly bound GTP should be of general significance for regulatory reactions and signal transduction pathways during photosynthesis in addition to the presently described repair of photodamaged PSII reaction centers. The elucidation of such potential GTP-dependent processes and the identification of putative thylakoid G proteins should be a challenging task for future biochemical and genomic research in the area. Notably, despite the crucial role of GTP in most biological systems, the involvement of this nucleotide in processes associated with the photosynthetic light reaction and the thylakoid membrane largely has been ignored. Early observations by Millner (39) , who suggested the involvement of GTP in the regulation of thylakoid kinase activity, was never substantiated (40) Proc. Natl. Acad. Sci. USA 96 (1999) chloroplast homologue of the mammalian signal-recognition particle (SRP 54). The molecular mechanism behind the nucleotide requirement during D1 protein degradation remains to be elucidated. Most likely, the nucleotide hydrolysis provides energy necessary for unfolding of the D1 protein and its N-terminal, 23-kDa fragments because both of these protein substrates contain large loops connecting trans-membrane helices that may hide proteolytic sites. Structural changes associated with the socalled DE loop of the D1 protein and its plastoquinone͞ herbicide-binding domain has been suggested previously to influence initiation or triggering of D1 protein degradation (17, 18) . In addition, the nucleotides may be required for the partial disassembly of the PSII complex occurring during replacement of the D1 protein (2), in particular, the reversible dissociation of the chlorophyll a-binding protein CP43 (42) .
The involvement of GTP rather than ATP during the primary protein cleavage probably represents a need for a very strict regulation of this first, committed or strategic step in the turnover of the D1 protein. The subsequent secondary degradation steps may, in contrast, be less specific or regulated, representing a more conventional cleaning-up, ATP-requiring proteolysis (25) . That the D1 protein degradation proceeds in a stepwise manner and the initial cleavage is the rate-limiting step have been suggested previously from in vivo studies (12) .
Several proteases in chloroplasts have been shown to be homologous to bacterial enzymes (25) such as the ClpAP (43) and FtsH (44) proteases. In light of these findings and the prokaryotic nature of chloroplast, it is of interest that a GTP-dependent proteolytic system has been reported for Escherichia coli (45) . The presence of the bacterial homologue FtsH protease in thylakoid membranes is of further relevance to our present work. FtsH is the only known ATP-and zinc-dependent protease in thylakoid membranes (44) and was shown recently to perform clean-up proteolysis of unassembled Rieske Fe-S protein (46) . This protease is not associated with PSII complexes and is located exclusively in the stroma-exposed thylakoid regions (44) , where the final steps during D1 protein degradation are known to occur (19, 42) . These previous experimental data and our present observation on an ATP-and zinc-dependent proteolysis of the N-terminal, 23-kDa fragment strongly suggest that FtsH is participating in the secondary cleaning-up proteolysis during D1 protein degradation (Fig. 7) .
